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The Arauco Peninsula (37-38S) in south-central Chile has been proposed as a possible barrier to the
along-strike propagation of megathrust ruptures, separating historical earthquakes to the south (1960
AD 1837, 1737, and 1575) and north (2010 AD, 1835, 1751, 1657, and 1570) of the peninsula. However, the
2010 (Mw 8.8) earthquake propagated into the Arauco Peninsula, re-rupturing part of the megathrust
that had ruptured only 50 years earlier during the largest subduction zone earthquake in the instru-
mental record (Mw 9.5). To better understand long-term slip variability in the Arauco Peninsula region,
we analyzed four coastal sedimentary sections from two sites (Tirúa, 38.3S and Quidico, 38.1S) located
within the overlap of the 2010 and 1960 ruptures to reconstruct a ~600-year record of coseismic land-
level change and tsunami inundation. Stratigraphic, lithologic, and diatom results show variable
coseismic land-level change coincident with tsunami inundation of the Tirúa and Quidico marshes that is
consistent with regional historical accounts of coseismic subsidence during earthquakes along the Val-
divia portion of the subduction zone (1960 AD and 1575) and coseismic uplift during earthquakes along
the Maule portion of the subduction zone (2010 AD, 1835, 1751). In addition, we document variable
coseismic land-level change associated with three new prehistoric earthquakes and accompanying
tsunamis in 1470e1570 AD, 1425e1455, and 270e410. The mixed record of coseismic subsidence and
uplift that we document illustrates the variability of down-dip and lateral slip distribution at the overlap
of the 2010 and 1960 ruptures, showing that ruptures have repeatedly propagated into, but not through
the Arauco Peninsula and suggesting the area has persisted as a long-term impediment to slip through at
least seven of the last megathrust earthquakes (~600 years).
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tment of Marine and Coastal
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).1. Introduction
Subduction zone paleogeodesy, which combines the methods of
coastal stratigraphy, micropaleontology, and geophysical modeling
to reconstruct coseismic and interseismic land-level change (e.g.,
Witter et al., 2003; Briggs et al., 2014; Shennan et al., 2016), is
critical to understanding the magnitude, frequency, and spatial
extent of ruptures over multiple earthquake cycles along the south-
central Chilean subduction zone (35-43S). Although the region
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namis (Lomnitz, 1970; Cisternas et al., 2005, 2012, 2017b; Udias et
al., 2012), written accounts and stratigraphic records of coseismic
land-level changes and tsunami inundation are geographically
limited, resulting in poorly constrained rupture extents even for
recent historical events (Plafker and Savage, 1970; Lomnitz, 2004;
Moreno et al., 2012). As a result, the causes of slip heterogeneity
during great earthquakes in south-central Chile are not well un-
derstood (Lay, 2011; Lorito et al., 2011; Moreno et al., 2011).
A good example is the proposed megathrust rupture boundary
at the Arauco Peninsula (37-38S; Fig. 1; Rehak et al., 2008). His-
torical accounts indicate that ruptures in south-central Chile were
mostly confined to either the Valdivia portion of the subduction
zone south of the Arauco Peninsula (1960 AD,1837, 1737, and 1575),Fig. 1. Index maps. a) Plate-tectonic setting of Chile in western South America. b) Location of
main tectonic features, and rupture lengths of the largest historical earthquakes in south-
measured. Green lines denote earthquakes associated with the Maule portion of the subduct
subduction zone. Inferred and approximated rupture extents compiled from Barrientos (200
Melnick et al. (2012), and Cisternas et al. (2017b). (For interpretation of the references to cor the Maule portion of the subduction zone north of the Arauco
Peninsula (2010 AD, 1835, 1751, 1657, and 1570) (Lomnitz, 1970;
Cisternas et al., 2005, 2012, 2017b; Udias et al., 2012). However,
the 2010 (Mw 8.8) Maule rupture overlapped with the northern
~90 km of the 1960 (Mw 9.5) rupture across the Arauco Peninsula
(Fig. 1b), highlighting the complexity of slip in this region and
calling into question the persistence of the proposed megathrust
rupture boundary.
Here we apply subduction zone paleogeodesy at two estuaries
(Tirúa, 38.3S and Quidico, 38.1S) located within the overlap of the
2010 and 1960 earthquakes in order to explore coseismic slip
variability over many centuries and, in particular, to test the
persistence of the proposed megathrust rupture boundary (Fig. 1;
Melnick et al., 2009; Moreno et al., 2011).We expand upon previousthe study area in central Chile, the Valdivia and Maule portions of the subduction zone,
central Chile since 1570 shown by dashed lines where inferred and solid lines where
ion zone and blue lines denote earthquakes associated with the Valdivia portion of the
7), (1970), Kelleher (1972), Beck et al. (1998), Melnick et al. (2009), Udías et al. (2012),
olour in this figure legend, the reader is referred to the web version of this article.)
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that identified stratigraphic evidence of four historical tsunamis at
Tirúa and four historical and one prehistoric tsunami at Quidico.
We apply additional stratigraphic, sedimentologic, and diatom
analyses to reconstruct coseismic land-level change coincident
with previously documented tsunamis, strengthen the interpreted
correlations of tsunami sand layers between these sites, and to
identify two new prehistoric tsunamis. Our new land-level change
reconstructions show that historical and prehistoric ruptures along
the Valdivia and Maule portions of the subduction zone have
repeatedly propagated into and overlapped within the Arauco
Peninsula, resulting in complex slip patterns that are influenced by
the southern or northern genesis of the ruptures.
2. Approach
2.1. Subduction zone paleogeodesy
In parallel with new appreciation for the variability of coseismic
and interseismic deformation at subduction zones, including pat-
terns of down-dip and lateral slip distribution during great (M8-9)
megathrust earthquakes demonstrated by recent field geodetic
surveys, continuous GPS measurements, and increasingly sophis-
ticated modeling, has come recognition of the need for doc-
umenting subduction zone deformation over multiple great
earthquake cycles (e.g., Thatcher, 1990; Dragert et al., 2001; Pollitz
et al., 2006; Simons et al., 2011; Vigny et al., 2011; Moreno et al.,
2012; Wang et al., 2013). Reconstructing the coastal land-level
changes that record deformation over the many centuries span-
ned by such cycles requires the application of paleogeodesy (e.g.,
Shennan and Hamilton, 2006; Satake and Atwater, 2007; Sieh et al.,
2008; Bilek, 2010; Meltzner et al., 2012; Witter et al., 2014; Wesson
et al., 2015; Melnick et al., 2017).
Subduction zone paleogeodetic studies document the paleo-
environmental changes caused by sudden (coseismic) relative sea
level (RSL) rises or falls during great earthquakes. Sudden RSL rises
or falls are expressed in coastal sedimentary sequences as distinc-
tive changes in sediment lithology across sharp stratigraphic con-
tacts, often accompanied by abrupt changes in microfossil
assemblages (Atwater and Hemphill-Haley, 1997; Hamilton and
Shennan, 2005; Hawkes et al., 2011; Horton et al., 2017). Sand beds
that accompany stratigraphic evidence of sudden RSL change often
contain allochthonous microfossils that indicate deposition by
tsunamis accompanying great earthquakes (Hemphill-Haley, 1996;
Sawai, 2001; Sawai et al., 2012; Pilarczyk et al., 2014; Dura et al.,
2016a). Subsequent gradual changes in sediment lithology and
microfossil assemblages above sharp stratigraphic contacts or
tsunami deposits then typically record gradual RSL change during
the interseismic component of the earthquake deformation cycle
(Sawai et al., 2004; Shennan et al., 2014; Dura et al., 2015). Mea-
surement of amounts and rates of coseismic and interseismic land-
level change preserved within sedimentary sequences can
constrain elastic dislocation models used to reconstruct slip dis-
tributions over megathrust surfaces during past subduction zone
earthquakes (Wang et al., 2003, 2013).
2.2. Selection of study sites
In south-central Chile, the Nazca plate subducts to the northeast
at an angle of ~15 beneath the South American plate at ~66 mm/yr
(Angermann et al., 1999). Within this region, the Arauco Peninsula,
which is a ~100 km-wide zone of crustal upwarping and high uplift
rates bounded by the tip of the Peninsula (~37S) and the Lanalhue
fault (~38S), separates the highly coupled Maule portion of the
subduction zone to the north and the Valdivia portion of thesubduction zone to the south (Fig. 1b; Rehak et al., 2008; Metois
et al., 2012; Jara-Munoz et al., 2015). Changes in the curvature of
the megathrust and frictional properties at the Arauco Peninsula
have been proposed as a barrier to the along-strike propagation of
ruptures; however, the 2010 and 1960 earthquakes (and possibly
earthquakes in 1835 AD, 1751, and 1575) overlapped within this
broad zone of crustal upwarping (Jara-Munoz et al., 2015).
Our study sites at Tirúa (38.3S) and Quidico (38.1S) are located
~30 km south of the Lanalhue fault, within the overlap of the 2010
and 1960 ruptures (Fig. 1). Historical accounts and geologic evi-
dence associated with ruptures on the Valdivia portion of the
subduction zone (e.g., 1960 AD,1575) show coseismic subsidence at
sites south of Tirúa and Quidico, while historical accounts and
geologic evidence associated with ruptures on the Maule portion of
the subduction zone (e.g., 2010 AD, 1835, 1751) show coseismic
uplift at sites north of Tirúa and Quidico (Fig. 1b; e.g., de Moralda,
1780s; Lomnitz, 1970; Plafker and Savage, 1970; Cisternas et al.,
2005; Udías et al., 2012; Melnick et al., 2012; and Cisternas et al.,
2017b). However, historical accounts and geologic evidence of
coseismic land-level change in the immediate Tirúa and Quidico
area only exist for the 2010 AD and 1960 ruptures (Plafker and
Savage, 1970; Farías et al., 2010; Melnick et al., 2012; Ely et al.,
2014), leaving the slip distribution of past ruptures in the overlap
of the 2010 and 1960 ruptures poorly resolved.
The low-energy tidal marshes, coastal plains, and abandoned
meanders bordering the tidal Tirúa and Quidico Rivers are covered
with freshwater to brackish marsh plant communities (e.g., Juncus
balticus, Juncus microcephalus, Schoenoplectus americanus, Schoe-
noplectus californicus, and Spartina sp.), which provide favorable
environments for preservation of stratigraphic evidence of sudden
RSL rises or falls during past subduction zone earthquakes. A RSL
fall from abrupt coseismic uplift would result in a decrease in tidal
inundation inmarshes bordering the rivers, reflected by an increase
in saline-intolerant plants and freshwater diatoms. A RSL rise
during sudden coseismic subsidence would result in an increase in
tidal inundation, which would be reflected by an increase in salt-
tolerant plants and marine and brackish diatoms.
2.3. Previous work at Tirúa and Quidico
Previous studies at Tirúa (Ely et al., 2014) and Quidico (Hong
et al., 2017) employed geomorphic, sedimentological, and strati-
graphic methods to interpret sequences of laterally extensive
(>300 m) sand beds interbedded within organic-rich silts and
sands as evidence for repeated late Holocene tsunami inundation
(Fig. 3). Four sand beds described at Tirúa and five sand beds
described at Quidico are composed of well-sorted, anomalously
coarse sediment with a low organic content and display uniform
thickness and sharp (1e3 mm) lower and upper contacts (Fig. 3).
The authors used the lithology, lateral continuity, and tabular ge-
ometry of the sand beds to help rule out localized processes, such as
tidal channel migration, liquefaction, or sand venting during
earthquakes as sources for sand bed deposition (Fig. 3; e.g., Atwater
et al., 1992; Allen, 2000; Cisternas et al., 2005; Goto et al., 2011;
Szczucinski et al., 2012). Ely et al. (2014) and Hong et al. (2017)
used detailed radiocarbon, optically stimulated luminescence
(OSL), and 137Cs analyses combined with historical accounts of
earthquake shaking and tsunami inundation to develop chronolo-
gies for the sand bed sequences).
137Cs analysis and witnesses at Tirúa and Quidico that described
inundation of the sites following the 1960 AD and 2010 earth-
quakes, support a tsunami origin for the two youngest sand beds
(sand beds 1 and 2 in this study). Based on the modeled age range
of the third oldest sand bed (sand bed 3 in this study) at Quidico
(1660e1959 AD) and the historical rupture extents of past
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south) and 1730 AD (too far north; Carvajal et al., 2017) ruptures as
sources for the tsunami and concluded that the sand bed was likely
deposited by a tsunami associated with the 1835 AD rupture.
Bracketing radiocarbon ages for the third oldest sand bed (sand bed
4 in this study) at Tirúa (1640e1800 AD) suggest that the 1835 AD
tsunami is not preserved at the site. Based on regional historical
accounts and the bracketing radiocarbon ages, Ely et al. (2014)
instead attributed the third oldest sand bed at Tirúa to a tsunami
associated with the 1751 AD rupture. At Quidico, the fourth oldest
sand bed (sand bed 4 in this study; modeled age range of
1690e1910 AD) was also attributed to the 1751 AD rupture and
tsunami. The age of the fourth oldest sand bed (sand bed 5 in this
study) at Tirúa (1500e1630 AD) overlaps with two historical tsu-
namis in 1570 AD and 1575 (Ely et al., 2014). Ely et al. (2014)
interpreted this sand bed as more likely to be associated with the
1575 rupture, which historical records indicate was larger than the
1570 AD tsunami. The Quidico record does not contain the 1575 AD
tsunami. Instead, the fifth oldest sand bed (sand bed 7 in this study)
at Quidico (modeled age range of 1445e1490 AD) precedes the
historical tsunami record. An OSL dating study of the Tirúa sand
sequence yielded a similar chronology to that reported in Ely et al.
(2014) for the youngest three sand beds (sands 1, 2, and 4 in this
study), however the older sand beds yielded significantly older ages
(Nentwig et al., 2015).
In a comparison of the Quidico and Tirúa tsunami chronologies,
Hong et al. (2017) noted that the preservation of the 1835 tsunami
and the absence of the 1575 tsunami differentiate the Quidico re-
cord from the Tirúa record. Hong et al. (2017) inferred that the
coastal morphology of the two study sites influences the
completeness of the stratigraphic records of tsunamis preserved at
each site. The Tirúa River drains into the Pacific Ocean at a north-
westward facing embayment, leaving it vulnerable to tsunamisFig. 2. a) The Tirúa and Quidico rivers are located about 160 km and 170 km south of Concep
River lowland with color overlay to highlight geomorphic features. Riverbank transect A-A0 i
Earth Pro, 2014 DigitalGlobe imagery of the Quidico River lowland with color overlay to hig
cores and sections (white dots) were projected onto elevation transect B-B0 , bracketed in w
referred to the web version of this article.)generated from both northern ruptures (e.g., 2010 and 1751) and
southern ruptures (e.g., 1960 and 1575). In contrast, the mouth of
the Quidico River is protected by bedrock to the south and west,
creating a northward-facing embayment that selectively preserves
tsunamis propagating from the north (e.g., 2010, 1835, 1751)
(Fig. 2a).2.4. Reconstructing land-level change at the Tirúa and Quidico
estuaries
Despite the detailed stratigraphic and chronological framework
for tsunami inundation at Tirúa and Quidico provided by Ely et al.
(2014) and Hong et al. (2017), questions about the nature of
coseismic and interseismic land-level change at Tirúa and Quidico
remain, which impact the correlation of tsunami events between
sites and the interpretation of rupture extents during historical
earthquakes. Our new diatom-based coseismic and interseismic
land-level change reconstructions test the previously inferred
correlations of the tsunami sand beds between Tirúa and Quidico,
expand the earthquake records at the sites, and provide further
insight into the slip distribution of past ruptures.
To reconstruct the paleoenvironmental history of the Tirúa and
Quidico estuaries and identify past coseismic and interseismic RSL
changes and tsunami inundation, we collected monoliths
(6  5  50 cm columns of sediment) from two representative
stratigraphic sections at Tirúa (sections T16 and T2, separated by
~130 m) and Quidico (sections Q9 and Q13, separated by ~150 m)
for high-resolution grain size, loss on ignition (LOI), and diatom
analyses (Figs. 2, 3; Table 1 Appendix 1). All sections were photo-
graphed and their lithology, color (Munsell soil color charts, 1975),
and stratigraphy described in the field. Tirúa sections T16 and T2
and Quidico section Q9 are riverbank exposures, while Quidico
section Q13 was collected from an abandoned meander. Wecion, respectively. b) Satellite Google Earth Pro, 2014 DigitalGlobe imagery of the Tirúa
s bracketed in white. Red dots show location of sections T16 and T2. c) Satellite Google
hlight geomorphic features. Red dots show location of sections Q9 and Q13. Described
hite. (For interpretation of the references to colour in this figure legend, the reader is
Fig. 3. Correlated stratigraphic units in transect A-A0 at Tirúa (a) and B-B0 at Quidico (b) (see Fig. 2b and c for transect locations). Circles show stratigraphic section locations and
triangles show radiocarbon sampling locations. Elevations are relative to mean tidal level (MTL). Sections chosen for detailed analysis (T16, T2, Q9, and Q13) are highlighted in red.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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site (e.g., Shennan et al., 2016). The elevations of described and
sampled stratigraphic sections were tied into benchmarks and tidal
datums established by Ely et al. (2014) and Hong et al. (2017), and
reported as elevation (in meters) relative to mean tide level (MTL).
We defined fossil diatom assemblage zones below and above
sand beds using a stratigraphically constrained incremental sum-
of-squares (CONISS) cluster analysis. We also applied detrended
correspondence analysis (DCA) to examine the pattern of diatom
assemblage variation between samples (e.g., Horton and Edwards,
2006; Cochran et al., 2007). Samples with similar species compo-
sitions are grouped together in the DCA bi-plot and samples with
statistically different species compositions plot apart (e.g., Birks,
1986, 1992).2.5. Dating and correlation of inferred coseismic land-level change
To develop a chronology for the prehistoric sand beds preserved
at Tirúa, we collected plant macrofossils from organic-rich sedi-
ments for radiocarbon dating that were in growth position (rhi-
zomes) or so delicate (e.g., seeds, leaf parts) that they would
probably have decayed or been broken by transport soon after
death, thus reducing the likelihood of dating material much older
than sample burial (e.g., Kemp et al., 2013). The macrofossils yiel-
ded either limiting maximum ages (detrital or growth position
below each contact) or limiting minimum ages (in growth position
above each contact; Figs. 5 and 6).
We estimated the age range for deposition of sand beds 6, 7, and
8 using a bespoke Bayesian agemodel (Appendix 1) with all but one
Table 1
Ecology of diagnostic diatom species in sections T16, T2, Q9, and Q13.
Species (>5% abundance) Ecologya Ecologyb Life formc
Achnanthes brevipes B & M M & B Epiphytic
Actinocyclus normanii B B Planktonic
Actinoptychus senarius M M Planktonic
Amphora coffeaeformis B e Epipelic
Amphora ovalis FW FW Epipelic
Bacillaria sp. M e Epipelic
Caloneis bacillum FW e Epipelic
Cavinula lapidosa FW e Epipelic
Cocconeis neodiminuta B e Epipsammic
Cocconeis placentula e FW & B Epiphytic
Cosmioneis pusilla FW & B FW & B Aerophilic & Epiphytic
Cymbella descripta FW FW Epipelic
Delphineis kippae M e Tychoplanktonic
Delphineis surirella M & B M Tychoplanktonic
Denticula subtilis B e Epipelic
Diploneis bombus M & B M & B Epipelic
Diploneis psuedovalis FW & B e Epipelic
Diploneis smithii B & M B & M Epipelic
Eunotia intermedia FW e Epipelic
Eunotia praerupta FW e Epipelic
Fallacia forcipata B e Epipelic
Fallacia pygmaea B e Epipelic
Fragilaria subsalina B e Epipelic
Gomphonema parvulum FW & B FW Aerophilic & Epiphytic
Gyrosigma nodiferum B & FW B Epipelic
Hantzschia amphioxys FW & B FW & B Aerophilic
Hyalodiscus scoticus M M & B Epiphytic
Karayevia oblongella FW e Epipelic
Luticola mutica FW & B FW & B Aerophilic
Navicula cari FW & B e Epipelic
Navicula cincta B M & B Epipelic
Navicula peregrina B M & B Epipelic
Navicula phyllepta B M & B Epipelic
Navicula rhynchocephala FW & B B Epipelic
Navicula tripunctata FW & B e Epipelic
Neidium alpinum FW e Epipelic
Nitzschia amphibia FW & B FW Aerophilic & Epiphytic
Nitzschia frustulum FW & B e Aerophilic & Epiphytic
Odontenlla aurita M e Tychoplanktonic
Opephora pacifica M M & B Epipsammic
Paralia sulcata M & B M Planktonic
Pinnularia brandelii FW e Epipelic
Pinnularia brevicostata FW & B e Epipelic
Pinnularia ignobilis FW e Epipelic
Pinnularia intermedia FW e Epipelic
Pinnularia lagerstedtii FW e Epipelic
Pinnularia nodosa FW e Epipelic
Planothidium delicatulum B B & M Epipsammic
Psuedostaurosira brevistriata FW FW & B Tychoplanktonic
Rhaphoneis amphiceros M M Tychoplanktonic
Rhopalodia acuminata B e Epiphytic
Rhopalodia brebissonii B e Epiphytic
Rhopalodia gibberula FW e Epiphytic
Staurosira construens FW & B FW & B Tychoplanktonic
Thalasiasora angulata e M Planktonic
Thalasiasora pacifica e M Planktonic
Thalasiasora tenera e M Planktonic
Tryblionella levidensis B e Epipelic
a From Chilean (e.g., Rivera, 2000; Rebolledo et al., 2005, 2011) and global (e.g.,
Krammer and Lange-Bertalot, 1986, 1988, 1991a,b; Denys, 1991; Vos and de Wolf,
1993; Hartley et al., 1986; Lange-Bertalot, 2000) catalogs.
b,c From Vos and deWolf (1993). Planktonic¼ diatoms that float freely in the water
column and do not live attached to any substrate; Tychoplanktonic ¼ diatoms that
live in the benthos, but are commonly found in the plankton; Epipelic ¼ diatoms
that live on or just below the surface of wet muddy sediments; Epiphytic ¼ diatoms
that are attached to larger plants or other surfaces; Aerophilic ¼ diatoms that are
able to survive subaerial, temporarily dry conditions.
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The one outlier sand bed age (Sample 9; Table 2, Fig. 4) was
probably reworked from below an unconformity between sand
beds 8 and 7. The Bayesian age model is adapted from the phasemodeling approach of Buck et al. (1996) and Bronk Ramsey (2008).
The model calibrates sand bed radiocarbon ages simultaneously,
using the Southern Hemisphere Radiocarbon Calibration Curve of
Hogg et al. (2013). The age of each sand bed is modeled between the
calibrated probability distributions of the maximum limiting and
minimum limiting ages for each sand bed. We fit the model to each
of the sand bed radiocarbon ages to create a posterior probability
distribution for the age model of the sand bed given the sur-
rounding ages (Fig. 4). We then report these posterior probability
distributions using 95% probability intervals, but the full access to
the posterior distribution further allows us to calculate differences
between related sand beds and other recurrence relations.
We correlated historical sand beds between Tirúa and Quidico
following the tsunami chronologies of Ely et al. (2014) and Hong
et al. (2017; Table 2). We correlated prehistoric sand beds be-
tween sites using our age models for sand bed deposition, and by
matching the direction of land-level change coincident with sand
beds indicated by our diatom analyses.
3. Results
3.1. Stratigraphic overview
Stratigraphy at Tirúa consists of seven gray (10 YR 5/1) 2 to 15-
cm-thick fine sand beds (sand beds 1, 2, 4, 5, 6, 7, and 8) inter-
bedded within organic (containing humified organic matter) very
fine sand units varying in color from brown (10 YR 4/3) to gray
brown (10 YR 5/2) to light brown (10 YR 6/3) (Fig. 3a). The most
complete stratigraphic section (section T16) preserves sediments as
old as ~1800 years. However, radiocarbon ages reveal a probable
disconformity between sand beds 8 and 7. A prominent bench
along the riverbank containing leaves, stems, and logs protrudes
immediately below sand bed 8. Radiocarbon ages from the top of
this bench and those from sediments immediately underlying sand
bed 7 are separated by ~1000 years but by only 8 cm of sediment
(Fig. 5a). The disconformity is also reflected in the diatom compo-
sition of sediments within the bench and immediately underlying
sand bed 7; tidal flat and marine planktonic and littoral diatoms
dominate sediments within the bench while sediments above the
bench contain many more freshwater and brackish epipelic and
epiphytic diatoms (Fig. 7; Table 1). Radiocarbon ages from sedi-
ments immediately below sand bed 7 to the top of the section
suggest continuous sedimentation (Table 2; Fig. 4).
At Quidico, the stratigraphy consists of five gray (10 YR 5/1) 3 to
15-cm-thick fine sand beds (sand beds 1, 2, 3, 4, and 7) interbedded
within organic very fine sand or interbedded sand and silt (Pit Q9),
and silt (Pit Q13) units ranging in color from brown (10 YR 4/3) to
gray brown (10 YR 5/2) (Fig. 3b). Radiocarbon ages from both
stratigraphic sections described at Quidico suggest ~600 years of
continuous sedimentation.
The eight sand beds preserved at the Tirúa and Quidico sites
were distinct from the surrounding organic units due to their sharp
(<1e3 mm) upper and lower contacts, lack of organic matter,
greater mean grain size, uniform thickness, anomalous marine and
brackish diatoms, and >300 m lateral extent (Tables 3 and 4). We
have labeled the sand beds fromyoungest (1) to oldest (8) (Figs. 3, 5
and 6). Sand beds preserved and correlated between sites were
assigned the same number (e.g., sand bed 1 at Tirúa and sand bed
1 at Quidico were both deposited by the 2010 tsunami).
Downcore diatom assemblages fluctuate back and forth be-
tween marine and/or brackish dominated assemblages and
brackish and/or freshwater assemblages coincident with the
widespread, anomalous sand beds preserved at Tirúa and Quidico.
These sudden changes in diatom composition are consistent with
repeated abrupt RSL changes affecting the marshes fringing the
Table 2
Radiocarbon data for ages from Tirúa and Quidico.
Sand bed Calibrated age (yr AD - 2s) a Maximum or
minimum
limiting ageb
Description of dated material Sectionc Sample no. d Elevation MTL (m) Lab reported age (14C yr BP) Radiocarbon Used in age model?
Laboratory numbere
Tirúa
4 1640-1800 minimum Charcoal fragment 1cm above sand bed
4
2 1* 0.77 250 ± 25 OS-94872 Historical*
4 1460-1640 maximum Charcoal fragment below sand bed 4 2 2* 0.62 360 ± 40 Beta-276184 Historical*
5 1440-1630 minimum Wood fragment above Sand bed 5 2 3* 0.5 430 ± 40 Beta-261094 Historical*
5 1410-1450 maximum Rhizome sheath immediately below
sand bed 5
2 4* 0.41 530± 25 OS-94871 Historical*
5 1500-1630 maximum Calystegia seed 5 cm below Sand bed
5Calystegia seed 5 cm below Sand bed 5
2 5* 0.38 365 ± 15 PRI-Tirúa 012413-2 Historical*
6 1450-1620 minimum 8 seed casings above sand bed 6 16 6 0.34 420 ± 20 OS-111755 Yes
6 1510-1950 maximum 11 (possible) fruit pods below sand bed
6
16 7 0.28 245 ± 55 OS-112553
7 1440-1490 maximum In situ rhizome below sand bed 7In situ
rhizome below sand bed 7
2 8 0.05 460±20 OS-102372 Yes
7 420-530 maximum 10 Schoenoplectus sp. seeds below sand
bed 710 Schoenoplectus sp. seeds
below sand bed 7
16 9 0.05 1630 ± 20 OS-111756 No
8 420-530 minimum 9 Schoenoplectus sp. seeds above sand
bed 89 Schoenoplectus sp. seeds above
sand bed 8
16 10 0.02 1630 ± 20 OS-111757 Yes
8 240-360 maximum 4 Schoenoplectus sp. seeds and 2 round
seeds below sand bed 84
Schoenoplectus sp. seeds and 2 round
seeds below sand bed 8
16 11 -0.05 1790 ± 20 OS-111758 Yes
Base of section 250-380 maximum 4 leaf fragments at base of section 16 12 -0.19 1760 ± 25 OS-111759 Yes
Base of section 130-310 maximum 9 leaf fragments at base of section 16 13 -0.25 1850 ± 20 OS-111760 Yes
Quidico
2 modern maximum 5 Schoenoplectus sp. seeds below sand
bed 2
13 14** 0.94 65 ± 30 OS-103406 Historical**
3 modern maximum 16 Schoenoplectus sp. seeds below sand
bed 3
13 15** 0.7 105 ± 25 OS-103407 Historical**
4 1670-present maximum 5 Schoenoplectus sp. seeds below sand
bed 4
13 16** 0.57 185 ± 25 OS-103408 Historical**
7 1430-1610 minimum 12 Schoenoplectus sp. seeds above sand
bed 7
13 17** 0.48 460 ± 30 OS-106356 Yes
7 1320-1450 maximum 11Potamogeten sp. seeds below sand
bed 7
13 18** 0.34 570 ± 45 OS-103409 Yes
4 1650-1800 maximum 6 Schoenoplectus sp. seeds below sand
bed 4
9 19** 0.57 245 ± 15 OS-115319 Historical**
7 1430-1450 maximum 12.5 Schoenoplectus sp. seeds below
sand bed 7
9 20** 0.34 495 ± 15 OS-115318 Yes
Base of section 1450-1610 minimum 5 Schoenoplectus sp. seeds above basal
sand
13 21** 0.26 425 ± 15 OS-106268 Yes
Base of section 1430-1480 minimum 9 Schoenoplectus sp. seeds above basal
sand
13 22** 0.26 475 ± 20 OS-103174 Yes
Base of section 1240-1380 maximum 4.5 Schoenoplectus sp. seeds within
basal sand
13 23** 11-25 760 ± 20 OS-103173 No
*Radiocarbon age from Ely et al. (2014).
**Radiocarbon age from Hong et al. (2017).
a Radiocarbon ages were calibrated using OxCal radiocarbon calibration software (Bronk Ramsey, 2008) with the SHCal13 data set of Hogg et al. (2013).
b Interpretation of the stratigraphic context of the dated sample relative to the time that host unit was deposited. Maximum ages are on samples containing carbon judged to be older than a sand bed. Minimum ages are on
samples judged younger than a sand bed.
c Sections with corresponding radiocarbon age locations can be found on Fig. 3a and b.
d Sample ID's and corresponding sampling locations can be found on Fig. 4a and b and Fig. 5a and b.
















Fig. 4. Bayesian chronology age models for the times that sand beds 6, 7, and 8 were deposited at Tirúa and Quidico. Calibrated probability distribution functions (pdfs) for each
limiting radiocarbon age are shown for each bed (vertical axis not to scale). Age models developed using R software (R Core Team, 2016; available on GitHub at https://github.com/
andrewcparnell/sand_beds). We approximate the model fitting stage by breaking up the model and fitting it to each individual sand bed. Each sand bed posterior distribution can be
plotted as a probability distribution histogram, or summarize into mean, standard deviation, and credibility interval. 95% credibility intervals are reported as standard.
T. Dura et al. / Quaternary Science Reviews 175 (2017) 112e137 119sites during past great earthquakes. Below, we describe the sedi-
mentary, diatom, and chronological results from each sand bed and
the under-and-overlying material.3.1.1. Sand bed 8 (Tirúa)
A brown, poorly sorted interbedded organic and clean very fine
sand underlies sand bed 8 at Tirúa (Fig. 5a). Marine planktonic,
epipsammic, and epiphytic diatoms dominate the assemblage in
both the organic sand and clean sand layers (Fig. 7; Table 3). Minor
abundances of freshwater epipelic and epiphytic diatoms are also
present. Leaf fragments collected from the base of section T16 yield
ages of 130e310 AD and 250e380 AD for the oldest sediments
described in section T16 (Fig. 5a; Table 2).
A sharp contact separates a clean, gray, fine sand (sand bed 8)
from the underlying organic sand. Sand bed 8 displays an increase
in mean grain size and a decreased fine fraction (D10) and organic
content (LOI; Fig. 5a). The sand bed contains a mixed diatom
assemblage composed of marine, brackish, and freshwater taxa
(Fig. 7).
A brown, poorly sorted organic very fine sand overlies sand bed
8. The organic sand contains an increase in freshwater epipelic and
epiphytic, and brackish epipelic and epipsammic taxa compared tothe marine dominated assemblage underlying the sand bed. The
decreased marine influence above sand bed 8 is reflected by an
increase in LOI and the ratio of freshwater to marine and brackish
diatoms, and a decrease in the percentage of marine and brackish
planktonic diatoms (Figs. 5 and 9; Table 3). Constrained cluster and
DCA analyses reflect the shift in diatom species composition from
marine dominated samples below sand bed 8 to freshwater and
brackish dominated samples above the sand bed (Figs. 7 and 8a).
Schoenoplectus sp. seeds collected from the organic sand
immediately underlying and overlying sand bed 8 in T16 yield a
maximum limiting age of 240e360 AD and aminimum limiting age
of 420e530 AD for sand deposition (Fig. 5a; Table 2).3.1.2. Sand bed 7 (Tirúa and Quidico)
A brown, poorly sorted organic very fine sand (sections T16 and
Q9) or silt (section Q13) underlies sand bed 7 (Figs. 5a and 6).
Freshwater epipelic and fresh-brackish epiphytic taxa and minor
abundances of brackish epipelic taxa make up the diatom assem-
blage in the organic sand/silt at both Tirúa and Quidico (Figs. 7, 10,
Fig. A4; Tables 3 and 4).
A sharp contact separates a clean, gray, well-sorted fine sand
(sand bed 7) from the underlying organic sand/silt. Sand bed 7
Fig. 5. a,b) High-resolution grain-size distribution color surface plots (F) showing the differential volume of sediments (the percentage of total volume that each size class oc-
cupies), D10 values (diameter at which 10% of a sample's mass is comprised of smaller grains), and LOI (weight % of organic material) for stratigraphic columns of sections T16 and
T2. Elevations are relative to mean tide level (MTL). Radiocarbon sampling locations and calibrated radiocarbon ages are plotted on columns. Radiocarbon age determinations from
this study are in green and ages from Ely et al. (2014) are in blue. Radiocarbon sample numbers correspond to sample numbers in Table 2. 137Cs analysis is from Ely et al. (2014).
Inferred timing of coseismic land-level change and sand bed deposition, constrained by our age model, is shown for each event. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
T. Dura et al. / Quaternary Science Reviews 175 (2017) 112e137120
Fig. 6. a,b) High-resolution grain-size distribution color surface plots (F) showing the differential volume of sediments (the percentage of total volume that each size class oc-
cupies), D10 values (diameter at which 10% of a sample's mass is comprised of smaller grains), and LOI (weight % of organic material) for stratigraphic columns of sections Q9 and
Q13. Elevations are relative to mean tide level (MTL). Radiocarbon sampling locations and calibrated radiocarbon ages are plotted on columns. Radiocarbon age determinations from
Hong et al. (2017) are in purple. Radiocarbon sample numbers correspond to sample numbers in Table 2. 137Cs analysis is from Hong et al. (2017). Inferred timing of coseismic land-
level change and sand bed deposition, constrained by our age model, is shown for each event. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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(D10) and organic content (LOI; Figs. 5a and 6). The sand bed
contains a mixed diatom assemblage composed of marine,
brackish, and freshwater taxa, with a distinctive increase in marine
epipsammic and planktonic taxa compared to underlying sediment
at both Tirúa and Quidico (Fig. 9 and Fig. A6). At Quidico, sand bed 7
in section Q13 contains small percentages of anomalous marine
tychoplanktonic diatoms not found in the underlying or overlying
sediment (Fig. A4).
A brown, poorly sorted organic very fine sand (sections T16 andQ9) or silt (section Q13) overlies sand bed 7. The organic sand/silt
contains an increase in marine planktonic and brackish epipelic
taxa compared to the freshwater and brackish dominated assem-
blage underlying sand bed 7. The increased marine influence above
sand bed 7 is reflected by a fall in LOI and the ratio of freshwater to
marine and brackish diatoms, and an increase in the percentage
marine and brackish planktonic diatoms (Figs. 5a, 6 and 9, Fig. A4;
Tables 3 and 4). Constrained cluster and DCA analyses reflect the
shift in diatom species composition from freshwater dominated
samples below sand bed 7 to brackish and marine dominated
Fig. 7. Relative abundance of diatoms (showing only those species >5% abundance) for section T16. Relative abundance is expressed as a percent of the total count. Triangle symbols
on stratigraphic column show locations of numbered samples (sample numbers shown to the right of the salinity summary). The results of the stratigraphically constrained in-
cremental sum-of-squares (CONISS) cluster analysis are shown beside our interpretation of paleoecological zones. Be: benthic; Pl: planktonic.
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An in situ rhizome collected from the organic sand immediately
underlying sand bed 7 at Tirúa provides a maximum age of depo-
sition of 1440e1490. Schoenoplectus sp. and Potamogeten sp. seeds
underlying and Schoenoplectus sp. seeds overlying sand bed 7 at
Quidico yield maximum limiting ages of 1430e1450 AD, and
1320e1450 and a minimum limiting age of 1430e1610, respec-
tively (Figs. 5a and 6; Table 2).3.1.3. Sand bed 6 (Tirúa)
A brown, poorly sorted organic very fine sand underlies sand
bed 6 (Fig. 5). Marine planktonic and epipsammic, and brackish
epipelic taxa dominate the diatom assemblage in the organic sand
at Tirúa (Fig. 7 and Fig. A1; Table 3).
A sharp contact separates a clean, light-gray, well-sorted fine
sand (sand bed 6) from the underlying organic sand. Sand bed 6
displays an increase inmean grain size and a decreased fine fraction
(D10) and organic content (LOI; Fig. 5). The sand bed contains a
mixed diatom assemblage composed of marine, brackish, and
freshwater taxa (Fig. 7 and Fig. A1).
A gray brown, poorly sorted organic very fine sand overlies sand
bed 6. The organic sand contains an increase in freshwater epipelic
and fresh-brackish epiphytic taxa compared to the marine and
brackish dominated assemblage underlying sand bed 6. Thedecreased marine influence above sand bed 6 is reflected by an
increase in LOI and the ratio of freshwater to marine and brackish
diatoms, and a decrease in the percentage of marine and brackish
planktonic diatoms (Figs. 5, 9, Fig. A3; Table 3). Constrained cluster
and DCA analyses reflect the shift in diatom species composition
frommarine and brackish dominated samples below sand bed 6 to
freshwater dominated samples above the sand bed (Figs. 7, 8a,
Fig. A1 and A2).
Seed casings collected from the organic sand immediately above
sand bed 6 yield a minimum limiting age of 1450e1620 AD for sand
deposition (Fig. 5; Table 2).3.1.4. Sand bed 5 (Tirúa)
A gray-brown, poorly sorted organic very fine sand underlies
sand bed 5 (Fig. 5). Freshwater epipelic taxa dominate the assem-
blage in the organic sand at Tirúa (Fig. 7 and Fig. A1; Table 3).
A sharp contact separates a clean, gray, well-sorted fine sand
(sand bed 5) from the underlying organic sand. Sand bed 5 displays
an increase in mean grain size and a decreased fine fraction (D10)
and organic content (LOI; Fig. 5). The sand bed contains a mixed
diatom assemblage composed of marine, brackish, and freshwater
taxa, with a distinctive increase in marine epipsammic and plank-


























e Increase in marine planktonic (P. sulcata, T. pacifica, T. angulata, T.
tenera) and epipsammic (O. pacifica) diatoms.
e
16/2 Light-brown, poorly sorted







0.48/0.67 Similar to assemblage below Sand bed 2 T16-7/
T2-5
No change






e Increase in marine planktonic (D. kippae, P. sulcata, T. angulata, T.
pacifica) and epipsammic (O. pacifica) diatoms.
e
16/2 Light-brown or grey-brown,








0.45/0.80 Slight decrease in freshwater and increase in brackish epipelic
(N. cincta, R. brebissonii, T. levidensis) diatoms.
T16-7/
T2-5
16 and 2 Grey-brown, poorly sorted







9.0/2.5 Increase in freshwater diatoms: C. pusilla, D. psuedovalis, H.










e Mixed assemblage: O. pacifica, C. pusilla, D. psuedovalis, Hantzschia
amphioxys, P. sulcata, P. delicatulum, T. angulata, T. levidensis.
e
16/2 Grey-brown, poorly sorted







0.83/0.35 Similar to assemblage above Sand bed 5
0.65/0.34 Increase in marine epipsammic (O. pacifica), epiphytic (A. brevipes),
and brackish epipelic (A. coffeaeformis, D. smithii, F. subsalina, N.










e Increase in marine planktonic (P. sulcata, T. angulata), and
epipsammic (O. pacifica) diatoms.
e
16/2 Grey-brown, poorly sorted







2.03/2.5 Similar to assemblage above Sand bed 6
1.64/6.0 Increase in freshwater diatoms: C. pusilla, D. psuedovalis, G.










e Mixed assemblage: A. coffeaeformis, K. oblongella, N. cari, N. cincta,
O. pacifica, P. sulcata, P. intermedia, T. angulata.
e








0.35/0.35 Similar to assemblage above Sand bed 7
0.08/0.35 Increase in marine planktonic (P. sulcata, T. angulata), epipsammic





16 Sand bed 7 2.17 3.44 3 e Increase in marine planktonic (P. sulcata, T. angulata), and
epipsammic (O. pacifica) diatoms.
e
16 Brown, poorly sorted organic
very fine sand
3.00 5.73 25 1.31 Similar to assemblage above Sand bed 8
0.91 Increase in freshwater diatoms: A. ovalis, D. psuedovalis, K.
oblongella, G. parvulum, N. frustulum, N. cincta, N. peregrina, P.
delicatulum
T16-2 Uplift
16 Sand bed 8 2.40 4.43 3 e Mixed assemblage: O. pacifica, A. brevipes, A. ovalis, C. neodiminuta,
K. oblongella, P. sulcata, T. angulata.
e
16 Brown, poorly sorted organic
very fine sand
3.10 5.28 28 0.31 Marine diatoms (P. sulcata, T. angulata, O. pacifica, A. brevipes)
dominate. Minor abundances of brackish and freshwater diatoms.
T16-1
* When data for both pits are available, they are reported with a dash separating the values. Diatom results are combined for each site.
a Mean grain size of sand beds and underlying and overlying sediment.
b Dominant grain size values for the 10th (D10) percentile (diameter at which 10% of the sample volume comprises smaller particles).
c LOI is a proxy for the percentage of organic matter in our fossil samples.
d Summary of diatom results used for interpreting coseismic land-level change. Full counts included in Figs. 6, 9, Figs. A1 and A4.
e Diatom zones determined by using a stratigraphically constrained incremental sum-of-squares (CONISS) cluster analysis (Figs. 6, 9, Figs. A1, and A4).
f Inferred land-level change based on grain size, LOI, and diatom analyses.
T. Dura et al. / Quaternary Science Reviews 175 (2017) 112e137 123A gray-brown, poorly sorted organic very fine sand overlies sand
bed 5. The organic sand contains an increase in marine epipsammic
and epiphytic taxa, and brackish epipelic taxa compared to the
freshwater dominated assemblage underlying sand bed 5. The
increased marine influence above sand bed 5 is reflected by a fall in
LOI and the ratio of freshwater tomarine and brackish diatoms, and
an increase in the percentage of marine and brackish planktonic
diatoms (Figs. 5, 9, Fig. A3; Table 3). Constrained cluster and DCA
analyses reflect the shift in diatom species composition from
freshwater dominated samples below sand bed 5 to marine and
brackish dominated samples above the sand bed, although the shift
is not as pronounced as other contacts in the section, reflecting a
subtle change in species composition (Figs. 7, 8a, Figs. A1 and A2).
Radiocarbon dating from Ely et al. (2014) constrains the age of
sand bed 5 with maximum limiting ages of 1410e1450 AD and
1500e1630 and a minimum limiting age of 1440e1630 AD (Fig. 5b,
Table 2; Ely et al., 2014).
3.1.5. Sand bed 4 (Tirúa and Quidico)
A gray-brown, poorly sorted organic very fine sand (T16, T2, andQ9) or brown, poorly sorted organic silt (Q13) underlie sand bed 4
(Figs. 5 and 6). Brackish epipelic and epipsammic, and marine
planktonic, planktonic, and epipsammic taxa dominate the
assemblage in the organic sand/silt at both Tirúa and Quidico
(Figs. 7, 10, Figs. A1 and A4; Tables 3 and 4).
A sharp contact separates a clean, gray, well-sorted fine sand
(sand bed 4) from the underlying organic sand. Sand bed 4 displays
an increase in mean grain size and a decreased fine fraction (D10)
and organic content (LOI; Figs. 5 and 6). The sand bed contains a
mixed diatom assemblage composed of marine, brackish, and
freshwater taxa at Tirúa and Quidico (Figs. 7, 10, Figs. A1 and A4).
A gray-brown, poorly sorted organic very fine sand (T16 and T2),
gray-brown, poorly sorted organic interbedded sand and silt (Q9),
or brown poorly sorted organic silt (Q13) overlies sand bed 4. The
organic sand/silt contains an increase in freshwater epipelic and
fresh-brackish epiphytic diatom taxa compared to the brackish and
marine dominated assemblage underlying sand bed 4 at Tirúa and
Quidico. The decreased marine influence is reflected by a rise in LOI
and the ratio of freshwater to marine and brackish diatoms, and a




















9 Sand bed 1 2.25 3.03 5 e Abundant marine planktonic (P. sulcata, T. angulata) and
epipsammic (O. pacifica) diatoms.
e
9/13 Brown, poorly sorted organic






25 0.73/1.18 Similar to assemblage below Sand bed 2 Q9-6/
Q13-6
No change




6 e Abundant marine planktonic (P. sulcata, T. angulata, T. pacifica) and
epipsammic (O. pacifica) diatoms. Also contains anomalous marine
tychoplanktonic diatomsD. Kippae and D. surirella (<2% abundance).
e
9/13 Brown, poorly sorted organic






30 0.75/1.01 Increase in brackish epipelic (A. coffeaeformis, C. bacillum, R.
brebissonii) and marine epipsammic (O. pacifica), and planktonic
(P. sulcata, T. angulata) diatoms.
Q9-6/
Q13-6
1.42/1.10 Increase in freshwater epipelic (D. psuedovalis, L. mutica,








3 e Mixed assemblage: D. bombus, O. pacifica, P. sulcata, T. angulata, P.
delicatulum, N. cincta, T. levidensis, H. amphioxys, K. oblongella, L.
mutica, N. frustulum. Also contains anomalous marine
tychoplanktonic diatom D. surirella (<2% abundance).
e
9/13 Grey-brown interbedded sand






23 0.32/0.51 Increase in marine epipelic (D. bombus), epipsammic (O. pacifica),
and planktonic (P. sulcata, T. angulata) diatoms.
Q9-4/
Q13-4
1.01/2.01 Increase in freshwater tychoplanktonic (P. brevistriata, S. construens)








15 e Mixed assemblage: D. bombus, D. psuedovalis, D. smithii, N. cincta, N.
peregrina, O. pacifica, P. sulcata, P. brevistriata, S. construens, R.
brebissonii, T. angulata.
e
9/13 Brown, poorly sorted organic






60 0.33/0.71 Similar to assemblage above Sand bed 7









18 e Mixed assemblage: A. coffeaeformis, K. oblongella, N. cari, N. cincta, O.
pacifica, P. sulcata, P. intermedia, R. brebissonii, T. angulata. Also
contains anomalous marine tychoplanktonic diatom D. Kippae and
D. surirella (<2% abundance).
e
9/13 Brown, poorly sorted organic






70 1.4/1.29 Major freshwater diatoms: C. pusilla, D. psuedovalis, E. praerupta, N.
frustulum, P. intermedia C. pusilla. Minor brackish diatoms:
A. coffeaeformis, D. psuedovalis, N. cincta, P. brevistriata, T. levidensis.
Q9-1/
Q13-1
* When data for both pits are available, they are reported with a dash separating the values. Diatom results are combined for each site.
a Mean grain size of sand beds and underlying and overlying sediment.
b Dominant grain size values for the 10th (D10) percentile (diameter at which 10% of the sample volume comprises smaller particles).
c LOI is a proxy for the percentage of organic matter in our fossil samples.
d Summary of diatom results used for interpreting coseismic land-level change. Full counts included in Figs. 6, 9, Figs. A1 and A4.
e Diatom zones determined by using a stratigraphically constrained incremental sum-of-squares (CONISS) cluster analysis (Figs. 6, 9, Figs. A1 and A4).
f Inferred land-level change based on grain size, LOI, and diatom analyses.
Table 5
Modeled ages for sand beds 6, 7, 8, and 9 at Tirúa and earthquake slip distribution.
Section(s) Sand bed Modeled age (AD)a Modeled age range Inferred land-level change (AD)b Inferred slip distribution and rupture location (AD)c
T16 6 1520 ± 50 1470e1570 uplift Deep, landward slip on the Maule segment
T16, Q9, Q13 7 1440 ± 15 1425e1455 subsidence Shallow, offhosre slip on the Valdivia segment
T16 8 340 ± 70 270e410 uplift Deep, landward slip on the Maule segment
a We used maximum and minimum limiting radiocarbon ages to calculate age probability distributions for inferred prehistoric tsunami beds from Tirúa section T16 with a
bespoke Bayesian chronology model described in Appendix 1.
b Land-level change inferred from diatom based RSL reconstructions.
c Slip distribution and rupture location inferred from prehistoric land-level change and historical earthquake patterns.
T. Dura et al. / Quaternary Science Reviews 175 (2017) 112e137124diatoms (Figs. 5, 6 and 9, Figs. A3 and A6). Constrained cluster and
DCA analyses reflect the shift in diatom species composition from
the brackish and marine dominated samples below sand bed 4 to
the freshwater and brackish dominated samples above the sand
bed (Figs. 7, 8 and 10, Figs. A1, A2, A4, A5).
Radiocarbon dating from Ely et al. (2014) and Hong et al. (2017)
constrains the age of sand bed 4 with maximum limiting ages of
1460e1640 AD and 1650e1800 and a minimum limiting age of
1640e1800 AD (Fig. 5b, 6a; Ely et al., 2014; Hong et al., 2017).3.1.6. Sand bed 3 (Quidico)
A gray-brown, poorly sorted organic interbedded sand and silt
(Q9), or a brown, poorly sorted organic silt (Q13) underlies sand bed
3 at Quidico (Fig. 6). Marine epipelic, epipsammic, and planktonic
taxa increase in abundance in sediments immediately underlying
sand bed 3 (Fig. 10, Fig. A4; Tables 3 and 4). Constrained cluster and
DCA analyses reflect a shift in diatom species composition from
freshwater and brackish dominated samples immediately above
sand bed 4 at Quidico to marine and brackish dominated samples
immediately below sand bed 3 (Fig. 8b and Fig. A5).
A sharp contact separates a clean, gray, well-sorted fine sand
Fig. 8. Results of detrended correspondence analysis (DCA) for diatom samples from sections T16 (a) and Q9 (b). Samples with similar species compositions are grouped together in
the DCA bi-plot and samples with statistically different species compositions plot apart (Horton et al., 2007). Paleoecological zones identified by the cluster analysis are labeled on
the DCA bi-plot. Arrows show how assemblage bi-plot scores change from below to above labeled sand bed contacts.
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displays an increase inmean grain size and a decreased fine fraction
(D10) and organic content (LOI; Fig. 6). The sand bed contains a
mixed diatom assemblage composed of marine, brackish, and
freshwater taxa at Quidico (Fig. 10 and Fig. A4). Notably, a low
abundance (~3%) of the marine tychoplanktonic diatom D. surirella,not found in underlying or overlying sediment, was found in sec-
tion Q13 (Fig. A4).
A brown, poorly sorted organic very fine sand (Q9) or a brown,
poorly sorted organic silt (Q13) overlies sand bed 3. The organic
sand/silt contains an increase in freshwater epipelic and tycho-
planktonic taxa compared to the marine and brackish dominated
Fig. 9. Summary of evidence for land-level change and tsunami inundation for Tirúa section T16 and Quidico section Q9. Sand beds that correlate between sites are shown in red
and by an asterisk on their inferred age. The ratio of freshwater to marine diatoms, the % marine and brackish diatoms, and the % marine/brackish planktonic diatoms is shown for
samples above and below sand beds to highlight the change in assemblages across the beds. A decrease in the ratio of freshwater to marine diatoms and an increase in the % of
marine and brackish diatoms and the % marine/brackish planktonic diatoms signals coseismic subsidence, while an increase in the ratio of freshwater to marine diatoms and an
decrease in the % of marine and brackish diatoms and the % marine/brackish planktonic diatoms signals coseismic uplift. The % of marine and brackish diatoms and the % marine/
brackish planktonic diatoms is shown for samples within sand beds. Evidence for tsunami inundation includes the high relative abundance of tidal flat diatoms within sand beds
and the presence of marine planktonic diatoms within sand beds. Inferred coseismic land-level change and timing of coseismic land-level and sand bed deposition are shown for
each event. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 10. Relative abundance of diatoms (showing only those species >5% abundance) for section Q9. Relative abundance is expressed as a percent of the total count. Triangle symbols
on stratigraphic column show locations of numbered samples (sample numbers shown to the right of the salinity summary). The results of the stratigraphically constrained in-
cremental sum-of-squares (CONISS) cluster analysis are shown beside our interpretation of paleoecological zones. Be: benthic; Pl: planktonic.
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in reflected by an increase in LOI and the ratio of freshwater to
marine and brackish diatoms, and a decrease in the percentage of
marine and brackish planktonic diatoms (Figs. 6, 9, Fig. A6). Con-
strained cluster and DCA analyses reflect the shift in diatom species
composition from the marine and brackish dominated samples
below sand bed 3 to the freshwater and brackish dominated sam-
ples sand bed 3 (Fig. 8b and Fig. A5).
Radiocarbon dating below sand bed 3 yield a post-17th century
age for sand deposition (Fig. 6b; Table 2; Hong et al., 2017).3.1.7. Sand bed 2 (Tirúa and Quidico)
A light brown (T16 and T2), or brown (Q9 and Q13), poorly
sorted organic very fine sand (T16, T2, Q9) or silt (Q13) underlies
sand bed 2 (Figs. 5 and 6). Brackish epipelic and marine planktonic
taxa increase in abundance in the organic sand/silt underlying sand
bed 2 at Tirúa and Quidico (Figs. 7, 10, Figs. A1, A4; Tables 3 and 4).
Constrained cluster and DCA analyses reflect a shift in diatom
species composition from freshwater and brackish dominated
samples immediately above sand bed 3 to marine and brackish
dominated samples immediately below sand bed 2 (Figs. 7, 8 and
10, Figs. A1, A2, A4, A5).
A sharp contact separates a clean, gray, well-sorted fine sand
(sand bed 2) from the underlying organic sand/silt. Sand bed 2
displays an increase inmean grain size and a decreased fine fraction
(D10) and organic content (LOI; Figs. 5 and 6). The sand bed con-
tains a mixed diatom assemblage composed of marine, brackish,
and freshwater taxa, with a distinctive increase in marine epi-
psammic and planktonic taxa at Tirúa, and marine planktonic taxaat Quidico compared to underlying sediment (Fig. 9, Figs. A3, A6). In
section Q13 at Quidico, sand bed 2 also contains anomalous marine
tychoplanktonic diatoms not found in underlying or overlying
sediment (Fig. A4).
A light brown (T16 and T2) or brown (Q9 and Q13), poorly sorted
organic very fine sand (T16, T2, and Q9) or silt (Q13) overlies sand
bed 2. The organic sand/silt contains a similar diatom assemblage to
the organic sand/silt below sand bed 2 at both Tirúa and Quidico.
Constrained cluster and DCA analyses reflect the similarity in
diatom species composition of samples underlying and overlying
sand bed 2 (Fig. 8, Figs. A2, A5).
In sections T2 and Q13, the presence of 137Cs immediately below
sand bed 2 places its age after AD ~1950 (Figs. 5 and 6; Ely et al.,
1992, 2014; Cisternas et al., 2001; Hong et al., 2017).3.1.8. Sand bed 1 (Tirúa and Quidico)
A light brown (T16 and T2) or brown (Q9 and Q13), poorly sorted
organic very fine sand (T16, T2, and Q9) or silt (Q13) underlies sand
bed 1 (Figs. 5 and 6a). Freshwater and brackish epipelic, and marine
planktonic taxa dominate the assemblage in sediments underlying
sand bed 1 at Tirúa and Quidico (Figs. 7,10, Figs. A1, A4; Tables 3 and
4).
A sharp contact separates a clean, gray, well-sorted fine sand
(sand bed 1) from the underlying organic sand/silt. Sand bed 1
displays an increase inmean grain size and a decreased fine fraction
(D10) and organic content (LOI; Figs. 5 and 6a). The sand bed
contains a mixed diatom assemblage composed of marine,
brackish, and freshwater taxa, with a distinctive increase in marine
epipsammic and planktonic taxa at Tirúa and Quidico compared to
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by the tsunami that struck both Tirúa and Quidico on 27 February
2010 (Ely et al., 2014; Hong et al., 2017).
4. Discussion
At Tirúa and Quidico, we infer that the unusually abrupt, long
lasting, andwidespread changes in diatom assemblages we observe
between units underlying and overlying the eight sand beds signal
sudden decimeter-scale coseismic uplift and subsidence of the
Tirúa and Quidico estuaries, in some cases followed by interseismic
recovery. Such stratigraphic evidence of sudden RSL falls or
risesdsupported by diatom analysesdsignaling coseismic uplift or
subsidence has provided valuable insight into the long-term
earthquake history of many subduction zones (e.g., Dura et al.,
2016b). To help rule out gradual, localized, or short-term RSL
changes and infer a coseismic origin for sharp stratigraphic contacts
within coastal sedimentary sequences, the following criteria have
been suggested: (1) presence of tsunami deposited sediments
directly above sharp contacts (2) suddenness and persistence of RSL
change (supported by microfossil evidence) associated with sharp
contacts, replicated at each site; (3) lateral continuity of sharp
stratigraphic contacts; (4) direction of land-level change (sup-
ported by microfossil evidence) across contacts, replicated at each
site; and (5) synchronicity of contacts among sites (e.g., Nelson
et al., 1996; Shennan et al., 2016).
4.1. New evidence for tsunami deposition
New grain size and LOI results from sections T16, T2, Q9, and
Q13 show the sedimentology of the older sand beds in the sections
is very similar to that of sand beds 1 and 2, deposited by historical
tsunamis in 1960 AD and 2010. Sand beds 1 and 2 are composed of
well-sorted fine sand (mean grain size ¼ 2.20 F) and display a low
fine fraction (mean D10 ¼ 3.38 F) and low organic content (mean
LOI¼ 3%; Figs. 5 and 6; Tables 3 and 4). Sand beds 3e8 are similarly
composed of fine sand (mean grain size¼ 2.26F), and display a low
fine fraction (mean D10 ¼ 3.45 F) and low organic content (mean
LOI ¼ 3%).
Diatom assemblages also support a tsunami source for the sand
beds at Tirúa and Quidico (Figs. 7,10, Figs. A1, A4).Within themixed
freshwater, brackish, and marine diatom assemblages that typically
characterize tsunami deposits (e.g., Dawson et al., 1996; Dawson
and Smith, 2000; Smith et al., 2004; Bondevik et al., 2005; Sawai
et al., 2008, 2009; Horton et al., 2011; Nelson et al., 2015), sand
beds 1 and 2 display high relative abundances of marine planktonic
(e.g., Paralia sulcata, Thalassiosira angulata), tychoplanktonic (Del-
phineis kippae and D. surirella), and epipsammic (Opephora pacifica)
diatoms common in the Quidico coastal littoral zone (Hong et al.,
2017). Similar increases in marine planktonic, tychoplaktonic, and
epipsammic diatoms are observed in sand beds 3, 5, and 7, sup-
porting an offshore source rather than a fluvial source for the sand
beds. Because marine conditions preceded the deposition of sand
beds 4, 6, and 8, the percentage of marine diatoms in the sand beds
does not stand out from underlying sediments; however, the ma-
rine dominated assemblage in the sand beds is distinct from
overlying sediments.
4.2. Evidence for coseismic land-level change
The diatom assemblages in units overlying sand beds 3e8 show
an abrupt shift in the marsh environment consistent with sudden
RSL change from coseismic deformation, rather than a gradual
response to long-term RSL change. A sudden increase in freshwater
diatoms in units overlying sand beds 3 and 4 (described at Tirúaand Quidico) and 6 and 8 (described only at Tirúa) is consistent
with coseismic uplift (Fig. 9). Sediment underlying the sand beds
contains higher abundances of marine epipsammic (O. pacifica),
planktonic (P. sulcata, T. angulata), and brackish epipelic (e.g.,
Navicula cincta, Diploneis smithii, Rhopalodia brebissonii) diatoms
than overlying sediment, which displays a lasting increase in
freshwater taxa (Diploneis psuedovalis, H. amphioxys, K. oblongella,
Nitzschia frustulum, Pinnularia intermedia) and a significant
decrease in marine planktonic diatoms (Figs. 7 and 10). An increase
in LOI, indicative of reduced tidal inundation and increased marsh
vegetation, and uplift of the lowland, was also measured in sedi-
ment overlying sand beds 3, 4, 6, and 8 (Figs. 5 and 6; e.g., Nelson
et al., 1996; Witter et al., 2003). A sudden increase in the abun-
dance of marine and brackish diatoms in units overlying sand beds
5 (only described at Tirúa) and 7 (described at Tirúa and Quidico) is
consistent with coseismic subsidence (Figs. 7 and 10). Diatom as-
semblages in sediment underlying the sand beds contain abundant
freshwater taxa (e.g., D. psuedovalis, K. oblongella, N. frustulum, P.
intermedia), while sediment overlying the sand bed displays a
lasting increase in brackish epipelic (e.g., Amphora coffeaeformis, D.
smithii, Fragilaria subsalina) and marine epiphytic (e.g., Achnanthes
brevipes), planktonic (e.g., P. sulcata, T. angulata), and epipsammic
(e.g., O. pacifica) taxa. A decrease in LOI, indicative of increased tidal
inundation and decreased marsh vegetation, and hence subsidence
of the lowland, was also measured in sediment overlying sand beds
5, and 7 (Figs. 5 and 6; e.g., Shennan et al., 2009).
The diatom assemblages in units overlying sand beds 3e8
display a lasting shift in the marsh environment, rather than a
temporary response to short-term sea-level fluctuations (e.g., El
Ni~no events, storms; Witter et al., 2001) or fluvial inundation
(Hemphill-Haley, 1995). In addition, above sand bed 4 at Tirúa, and
sand beds 3 and 4 at Quidico, the influx of freshwater species in the
units overlying sand beds is followed by a gradual increase in
marine and brackish taxa, suggesting gradual interseismic subsi-
dence of the marsh (Figs. 7 and 10). Although not as pronounced,
the influx of marine and brackish diatoms above sand beds 5 and
7 at Tirúa is followed by an increase in freshwater taxa, suggesting
gradual interseismic uplift of the marsh (Figs. 7 and 10).
At Tirúa and Quidico, the RSL changes spanning the sand beds
were correlated over the ~130 m separating sections T16 and T2,
and the ~150 m separating sections Q9 and Q13. In addition, the
direction of land-level change spanning sand beds preserved at
both sites (sand beds 1, 2, 4, and 7) is consistent. Our qualitative
interpretations of changes (or lack of changes) in diatom species
composition in sediments underlying and overlying the sand beds
are supported by cluster analysis and DCA results (Figs. 7, 8 and 10,
Figs. A1, A2, A4, A5) that show shifts in marsh environments (e.g.,
brackish to freshwater conditions), which in the local tidal regime
translate to decimeter-scale coseismic land-level change across
sand beds. The inter-site and intra-site continuity of the LOI and
diatom evidence for sudden coseismic land-level change coincident
with sand bed deposition at Tirúa and Quidico helps rule out
localized processes and gradual RSL change as a mechanism for the
environmental shifts associated with the sand beds (Figs. 3a, 9;
Hemphill-Haley, 1995). Environmental changes spanning sand bed
8 were only described in section T16, however the LOI and diatoms
overlying the sand bed display similar ecological changes to those
observed above widely correlated sand beds (Figs. 7 and 9).
Tirúa and Quidico are only 10 km apart, so wewould expect that
both would experience the same direction of coseismic land-level
change in a given earthquake. Based on our diatom results, the
radiocarbon ages of the sediments, and the historical sequence of
earthquakes with sources to the north or south, the previous
geochronology and correlations of Ely et al. (2014) and Hong et al.
(2017) remain the most consistent with all data. All correlated
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mic land-level change. The sand beds attributed to historical rup-
tures on the Maule segment to the north (sand beds 1, 3 and 4)
showed evidence of coseismic uplift, and those attributed to his-
torical ruptures on the Valdivia segment to the south (sand beds 2
and 5) showed no change or coseismic subsidence. In those cases in
which tsunami sand beds were identified at one site and not the
other, we conclude that inundation from those tsunamis was either
not as great at the second site, or the deposit was too thin or patchy
to be well preserved throughout the second site and was not
apparent in our stratigraphic sections. The diatom results increased
our confidence in the stratigraphic correlations between Tirúa and
Quidico for the period of the historical record. We therefore
employed the same process to correlate the prehistoric deposits
(6e8) between the two sites.
4.3. Inferred slip distributions for earthquakes
The geometry of the megathrust fault plane and the amount and
distribution of down-dip and along-strike coseismic and inter-
seismic slip on the fault control the vertical displacement of
coastlines above subduction zones. Because the distribution of
coseismic slip can vary among earthquakes, one coastal location
may record a mixed uplift and subsidence record (Plafker, 1965;
Plafker and Savage, 1970; Wang et al., 2012; Briggs et al., 2014).
A simple coast-perpendicular coseismic slip model at Tirúa and
Quidico demonstrates the potential for variable down-dip slip to
produce a mixed uplift and subsidence record at our sites (Fig. 11).
The model indicates a deeper, landward distribution of slip will
result in coseismic uplift at Tirúa and Quidico (Fig. 11a), while a
shallower distribution of slip concentrated offshore will result in
coseismic subsidence (Fig. 11c; Moreno et al., 2009, 2012; Ely et al.,
2014). Slip at an intermediate depth will produce a hinge line be-
tween coseismic uplift and subsidence (i.e., zero net land-level
change) at or near Tirúa and Quidico (Fig. 11d), while a wide
rupture with combined deep and shallow slip will produce slight
uplift (Fig. 11b).
A coast-parallel slip model at Tirúa and Quidico also demon-
strates the potential for mixed uplift and subsidence records at the
lateral ends of ruptures (e.g., Briggs et al., 2014); subsidence
troughs maywrap around the edges of uplift zones and uplift zones
may wrap around the edges of subsidence troughs.
Historically, ruptures on the Maule portion of the subduction
zone (e.g., 2010 AD; 1835, 1751) have produced coastal uplift,
suggesting deep or wide, landward slip on the megathrust, and
ruptures on the Valdivia portion of the subduction zone (e.g., 1960
AD, 1575) have produced coastal subsidence or no net land-level
change, indicating shallow to intermediate, offshore slip on the
megathrust. The recent, well-documented coastal uplift observed
at Tirúa and points north following the 2010 Mw 8.8 earthquake is
consistent with deep, landward slip at the Arauco Peninsula
inferred from slip distribution models for the event (Moreno et al.,
2012), while the little to no detectable land-level change at our sites
and subsidence at points south observed following the 1960
earthquake sequence is consistent with inferred intermediate to
shallow, offshore slip on the megathrust (e.g., Plafker and Savage,
1970; Moreno et al., 2009; Garrett et al., 2013; Ely et al., 2014).
Thus, based on historical deformation patterns and our
modeling results, we infer that uplift at our sites is likely produced
by deep or wide, landward slip on the Maule portion of the sub-
duction zone, while no net land-level change or subsidence is likely
produced by shallow to intermediate, offshore slip on the Valdivia
portion of the subduction zone. We also consider the possibility of
small, localized ruptures with significant coastal deformation, and
coast-parallel slip variability at the lateral ends of ruptures causinguplift or subsidence at our sites, especially for earthquake evidence
that we were not able to correlate widely along the subduction
zone (e.g., sand beds 8 and 6). We infer that past ruptures resulting
in uplift at our sites are reflected in the coastal stratigraphy by an
abrupt increase in LOI and the ratio of freshwater to marine and
brackish diatoms (Fig. 11e), while coseismic subsidence results in a
decrease in LOI and the ratio of freshwater to marine and brackish
diatoms (Fig. 11f).
4.3.1. Prehistoric earthquake: 340 AD ± 70 (sand bed 8)
An increase in LOI and freshwater diatoms above sand bed 8 at
Tirúa is consistent with coseismic uplift (i.e. RSL fall) coincident
with sand deposition (Fig. 11e). However, the disconformity
observed above sand bed 8 suggests that the environmental change
may be the result of the time gap and possible erosion of sediments
above the sand bed. The modeled age range of sand bed 8 (270e410
AD; Fig. 4; Table 5) at Tirúa overlaps with age estimates for strati-
graphic evidence of coseismic subsidence about 250e650 AD at
Valdivia (Nelson et al., 2009), an extensive lacustrine turbidite in
270e290 AD described by Moernaut et al. (2007) in Lago Puyehue,
100 km southeast of Valdivia, and coastal lacustrine evidence of
tsunami inundation at Lake Huelde in 165e350 AD (Fig. 12).
However, diatom evidence of coseismic uplift associated with sand
bed 8 is inconsistent with a rupture on the Valdivia portion of the
subduction zone similar to that implied by the widespread earth-
quake and tsunami evidence in the Valdivia region. Because of the
disconformity above sand bed 8 and the lack of correlative evidence
of a rupture on the Maule portion of the subduction zone when
sand bed 8 was deposited, we cannot confidently attribute the
paleoenvironmental change above sand bed 8 to coseismic uplift
rather than channel migration or some other process of environ-
mental change. However, the sedimentology of sand bed 8 is
consistent with tsunami deposition during this time period.
4.3.2. Prehistoric earthquake: 1440 AD ± 15 (sand bed 7)
The pronounced decrease in LOI and increase in brackish and
marine planktonic diatoms above sand bed 7 at Tirúa and Quidico is
indicative of coseismic subsidence (i.e. RSL rise), which we infer
was the result of shallow, offshore slip along the Valdivia portion of
the subduction zone (Fig. 11c, f). A maximum age (1440e1490 AD)
from below sand bed 7 and minimum age (1450e1620 AD) from
above sand bed 6 constrain the timing of sand bed 7 deposition at
Tirúa. An age model at Quidico constrains that age of the sand bed
to between 1445 and 1490 AD (Hong et al., 2017). Because of the
overlapping age ranges of the sand bed, and because evidence for
coseismic subsidence was observed at both Tirúa and Quidico
coincident with sand bed deposition, we correlated sand bed 7
between sites. The combined maximum and minimum ages at
Tirúa and Quidico result in a modeled age of 1425e1455 AD for
sand bed 7 deposition (Fig. 4; Table 5).
There are at least two possible correlations and interpretations
of the extent of the event that deposited sand bed 7. First, wide-
spread evidence of a large earthquake and tsunami in southern
Chile around this time period exists in the form of lacustrine
turbidite records in Lago Calafquen and Lago Ri~nihue (1310e1327
AD; Moernaut et al., 2014), coseismic subsidence and tsunami
inundation at the Maullín River estuary (1280e1387 AD; 41.6 S;
Cisternas et al., 2005) and Chucalen (1270e1450 AD; 41.8 S;
Garrett et al., 2015), stratigraphic evidence of shaking and tsunami
inundation at Cocotue (1300e1398 AD; 41.9 S; Cisternas et al.,
2017a), and coastal lacustrine evidence of tsunami inundation at
Lake Huelde (1280e1397 AD; 42.6 S; Kempf et al., 2017) (Fig. 12).
Our evidence of coseismic subsidence between 1425 and 1455 is
consistent with the shallow, offshore slip typical of Valdivia rup-
tures, supporting a correlation with the earthquake along the
Fig. 11. A simple model of constant coseismic slip and corresponding vertical deformation on a subduction zone megathrust inwhich slip is confined to (a) a deep (25e45 km) zone;
(b) a wide (10e45 km) zone; (c) a shallow (10e25 km) zone; (d) an intermediate (15e30 km) zone. e) An example of the LOI and diatom response to coastal uplift (sand bed 4 and
underlying and overlying sediment) produced by a deep slip zone entirely landward of the sites or a wide slip zone. f) An example of the LOI and diatom response to coastal
subsidence (sand bed 5 and underlying and overlying sediment) produced by a shallow slip zone entirely offshore of the sites. g) An example of the LOI and diatom response to little
to no land-level change (sand bed 2 and underlying and overlying sediments) produced by a intermediate slip zone beneath the sites. The megathrust geometry is modeled as a
plane dipping 15.5 . For comparison, the megathrust geometry of Moreno et al. (2012) is shown by the small rectangles in the top panel. Figure and caption are modified from Ely
et al. (2014).
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Fig. 12. Summary of historical and palaeoseismic evidence for great ruptures along the Valdivia and Maule portions of the subduction zone over the last ~800 years. Historical
records summarized by Lomnitz (1970), Cisternas et al. (2005, 2017a, b), and Udías et al. (2012); stratigraphic and biostratigraphic evidence from Cisternas et al. (2005, 2017a, b),
Nelson et al. (2009), Garrett et al. (2013, 2015); Ely et al. (2014), Moernaut et al. (2007, 2014), Kempf et al. (2017). FS: 1960 Foreshock.
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et al. (2014), Cisternas et al. (2005, 2017a), Garrett et al. (2015),
and Kempf et al. (2017) (Fig. 11c, f). Cisternas et al. (2017a) char-
acterize this widespread earthquake evidence as an 1837-style
rupture on the Valdivia portion of the subduction zone. However,
our new evidence of coseismic subsidence during this time period
as far north as Tirúa and Quidico suggests that the 1425e1455
rupture may have exceeded the size of an 1837-style rupture. We
did not observe evidence of the 1837 earthquake or tsunami at our
sites, and while Lago Calafquen and Lago Ri~nihue record evidence
of shaking in 1837, there are no historical accounts or geologic re-
cords of land-level change or tsunami inundation north of Maullín
associated with the 1837 AD rupture. Second, it is possible that the
evidence of coseismic subsidence and tsunami inundation at Tirúa
and Quidico between 1425 AD and 1455 is the result of a separate
rupture along the northern end of the Valdivia portion of the
subduction zone during this time period. In this scenario, our evi-
dence for subsidence and tsunami inundation may correlate with
lacustrine turbidite evidence of shaking in Lago Calafquen and Lago
Ri~nihue between 1460 AD and 1470 (Moernaut et al., 2014).4.3.3. Prehistoric earthquake: 1520 AD ± 50 (sand bed 6)
The abrupt increase in LOI and freshwater diatoms above sand
bed 6 at Tirúa is indicative of coseismic uplift (i.e. RSL fall), which
we infer was the result of deep, landward slip along the Maule
portion of the subduction zone (Fig. 11a, e). The modeled age for
sand bed 6 deposition is 1470e1570 AD (Fig. 4; Table 5). Lacustrine
turbidite records in Lago Calafquen northeast of Valdivia contain an
event during this time period (1544e1548 AD; Moernaut et al.,
2014) that has been correlated to sedimentary evidence of
shaking and tsunami inundation on Chiloe Island between 1505 AD
and 1802 (Cisternas et al., 2017a). This evidence of shaking and
tsunami inundation to the south of Tirúa suggests that this rupture
occurred on the Valdivia portion of the subduction zone. Cisternas
et al. (2017a) attribute their sedimentary evidence of shaking and
tsunami inundation to an 1837-style rupture. However, the shallow,
offshore slip that characterizes ruptures on the Valdivia portion of
the subduction zone have historically produced subsidence at our
sites, andwe observed uplift coincident with the deposition of sand
bed 6. Our evidence of uplift at Tirúa could point to a more
northern, local source for the rupture. It could also indicate that the
site was located on the lateral end of an intermediate or shallow,
offshore rupture on the Valdivia portion of the subduction zone,
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shown in Plafker (1972) and Cisternas et al. (2017b).
4.3.4. 1575 AD earthquake (sand bed 5)
The 1575 AD (M ~9.5) earthquake and tsunami are represented
by evidence of coseismic subsidence and tsunami inundation (sand
bed 5) at Tirúa. The abrupt decrease in LOI and increase in brackish
and marine diatoms above sand bed 5 at Tirúa is indicative of
coseismic subsidence (i.e. RSL rise), which we infer was the result of
shallow, offshore slip along the Valdivia portion of the subduction
zone (Fig. 11c, f). Our inferences are consistent with historical ac-
counts of coseismic subsidence 50 km south of Tirúa at the mouth
of the Imperial River near Puerto Saavedra and in Valdivia during
the earthquake. Based on historical accounts and geologic evidence,
the 1575 earthquake is thought to be similar in magnitude to the
giant 1960 earthquake and was likely characterized by similar
shallow, offshore slip (Figs. 11c and 12; Cisternas et al., 2005).
Geologic studies describe evidence of shaking, coseismic subsi-
dence, and/or tsunami inundation in both 1575 and 1960 at Lago
Calafquen and Lago Ri~nihue (Moernaut et al., 2014), the Maullín
River estuary (Cisternas et al., 2005), Chucalen (Garrett et al., 2015),
Cocotue (Cisternas et al., 2017a), and Lago Huelde (Kempf et al.,
2017) (Fig. 12).
We did not identify stratigraphic or diatom evidence of coseis-
mic subsidence and tsunami inundation in 1575 at Quidico, which
suggests that the rupturemight not have reached as far north as the
1960 rupture. The subsidence we observed at Tirúa in 1575, where
there was little or no change of land level in 1960, suggests that the
slip may have been more concentrated offshore than it was in 1960,
and that there was very little or no deeper slip on the megathrust
similar to that experienced in 2010, 1835, and 1751. To explain the
absence of a 1575 tsunami deposit in our stratigraphic sections at
Quidico, Hong et al. (2017) suggested that the northward orienta-
tion of the Quidico embayment may favor the preservation of de-
posits from tsunamis generated by ruptures along the Maule
portion of the subduction zone (Fig. 2b).
4.3.5. 1751 AD earthquake (sand bed 4)
The 1751 AD (M ~8.5) earthquake and tsunami are represented
by evidence of coseismic uplift and tsunami inundation (sand bed
4) at Tirúa and Quidico. The pronounced increase in LOI (only at
Tirúa) and freshwater diatoms above sand bed 4 at both sites is
indicative of coseismic uplift (i.e. RSL fall), which we infer was the
result of deep, landward slip along the Maule portion of the sub-
duction zone (Fig. 11a, e). Our inferences are consistent with his-
torical accounts of coseismic uplift north of our sites (e.g., in the Bay
of Concepcion) during the earthquake (Fig. 12; Lomnitz, 2004;
Udías et al., 2012). The 1751 earthquake and tsunami were highly
destructivedleading to the inland relocation of Concepciondand
have been compared to the 2010 (Mw 8.8) Maule rupture and
accompanying tsunami (Ely et al., 2014). The historical accounts of
uplift around the Bay of Concepcion in 1751, as well our diatom
evidence for coseismic uplift at Tirúa and Quidico are consistent
with this comparison, showing that the rupture extended at least as
far south as 2010 (and farther than the 1835 rupture) and that the
slip extended to sufficient depth to cause uplift at both of our sites
(Fig. 11b; Moreno et al., 2012). The evidence for a large tsunami
within the Bay of Concepcion and at Quidico and Tirúa suggests
that there was also a significant component of tsunamigenic
offshore slip near our sites in 1751, similar to that during the 2010
rupture.
4.3.6. 1835 AD earthquake (sand bed 3)
The 1835 AD (M 8.0e8.5) earthquake and tsunami are repre-
sented by evidence of coseismic uplift and tsunami inundation(sand bed 3) at Quidico. The abrupt increase in LOI and freshwater
diatoms above sand bed 3 is indicative of coseismic uplift (i.e. RSL
fall) at Quidico in 1835, which we infer was the result of deep,
landward slip along the Maule portion of the subduction zone
(Fig. 11a, e). Our inferences are consistent with historical accounts
of coseismic uplift north of Quidico (e.g., Tubul and Isla Santa Ma-
ría) during the earthquake (Fig. 12; FitzRoy, 1839; Darwin, 1839;
Lomnitz, 2004; Wesson et al., 2015). In the cases of Tubul and Isla
Santa María, historical accounts of uplift were much larger in 1835
than in 2010. However, south of the Arauco Peninsula, first and
secondhand accounts of the 1835 earthquake in FitzRoy (1839)
describe less uplift at Lebu and Isla Mocha than that observed in
2010, suggesting that the rupture was likely dying out in this region
and did not extend as far south as the 1751 or 2010 (to be discussed
below) ruptures. The absence of diatom evidence of coseismic uplift
in our stratigraphic sections at Tirúa in 1835 is consistent with a
southern termination of the rupture near our sites. To explain the
presence of an 1835 tsunami deposit at Quidico but not Tirúa, Hong
et al. (2017) proposed that the northward facing embayment at
Quidico may result in the selective accumulation and preservation
of tsunami deposits generated by ruptures on the Maule portion of
the subduction zone (Fig. 2b).4.3.7. 1960 AD earthquake (sand bed 2)
The 1960 earthquake and tsunami are represented by evidence
for tsunami inundation (sand bed 2), but little to no coseismic land-
level change at Tirúa and Quidico. The 1960 Valdivia earthquake
sequence included a series of foreshocks (maximum Mw 8.2)
offshore of the Arauco peninsula extending to ~39S, which pro-
duced coastal uplift north of Tirúa and Quidico (Plafker and Savage,
1970), and a mainshock (Mw 9.5; Cifuentes, 1989, Fig. 1b) extending
from the Arauco Peninsula to ~47S, which produced widespread
coastal subsidence south of Tirúa and Quidico (Plafker and Savage,
1970; Moreno et al., 2009). The inferred slip distribution during the
mainshock is characterized by a shallow to intermediate slip zone
concentrated offshore along the Valdivia portion of the subduction
zone (Fig. 12; Moreno et al., 2009). Similar LOI and diatom assem-
blages underlying and overlying sand bed 2 suggest little or no net
coseismic land-level change at Tirúa or Quidico associated with the
1960 earthquake sequence, consistent with a shallow to interme-
diate slip zone at our sites (Fig. 11d, g).
Our results from Tirúa are consistent with the diatom analysis of
Garrett et al. (2013), the stratigraphic evidence documented by Ely
et al. (2014), and the observations of Plafker and Savage (1970), who
found little to no land-level change there following the 1960
earthquake sequence. Our results from Quidico, however, are
inconsistent with the ~1.0 m of coseismic uplift documented near
that site by Plafker and Savage (1970). Plafker and Savage (1970)
based their large (~1.0 m) difference in uplift between the two
sites, only ~10 km apart, on pre- and post-earthquake elevations of
the lower growth limits of vegetation and resident accounts of
changes in extreme high and low tides. The difference may be
attributed to Tirúa's location on the southern edge of the foreshock
uplift zone, where uplift rapidly diminished. Because the location of
Plafker and Savage’s (1970) Quidico report is unclear (the location
differs on their Table 1 and Fig. 3), and our results suggest no land-
level change at either site, uplift in 1960 may have been farther
north, leaving both Tirúa and Quidico south of the foreshock uplift
zone. The net deformation for the 1960 earthquake sequence
depicted in Fig. 2 in Plafker and Savage (1970) shows both Tirúa and
Quidico on the hinge line between uplift expected offshore and
subsidence expected farther inland during the shallow to inter-
mediate, offshore slip of the 1960 mainshock (Fig. 11d; Plafker and
Savage, 1970; Moreno et al., 2009; Ely et al., 2014).
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The tsunami produced by the 2010 rupture is represented by
sand bed 1 at Tirúa and Quidico. Surveys conducted at Tirúa one
month before and weeks to one year following the 2010 Maule
earthquake measured between 0.5 and 1.0 m of coseismic uplift
(Farías et al., 2010; Melnick et al., 2012; Ely et al., 2014). Inferred slip
distributions for the 2010 earthquake show that the coastal uplift
was the result of deep, landward slip on the Maule portion of the
subduction zone (Fig. 11a; Moreno et al., 2012; Wesson et al., 2015).
4.4. Interseismic land-level changes
Assuming classical elastic rebound (Reid, 1910; Segall, 2010),
interseismic land-level change due to accumulation of elastic strain
should follow coseismic land-level change, typically with a sign
opposite to that of the coseismic change. For example, Wesson et al.
(2015) measured about 1.5 m of shoreline interseismic subsidence
at Isla Santa María in the Gulf of Arauco between coseismic uplift
during earthquakes in 1835 AD and 2010. Interseismic land-level
change could also be caused by periods of aseismic slip on por-
tions of the megathrust or by earthquakes on deeper parts of the
megathrust that produce less tsunami excitation (Cisternas et al.
2017b; Wang et al., 2007; Carvajal and Gubler, 2016).
With microfossil methods, long-term tectonic changes in land
level over hundreds to thousands of years are more difficult to
distinguish from other long-term environmental changes than are
rapid coseismic changes. However, the gradual increase in marine
and brackish taxa that followed evidence of coseismic uplift coin-
cident with sands beds 3 and 4 at Quidico and sand bed 4 at Tirúa
(1835 AD and 1751) is consistent with gradual interseismic subsi-
dence of the marsh (Figs. 7 and 10). This pattern suggests that
following a large megathrust earthquake with sufficient slip to
cause a large tsunami and that includes slip extending to sufficient
depth to uplift Quidico and Tirúa, interseismic strain accumulation
would be expressed as subsidence, as was observed at these two
sites following coseismic uplift in 1751 AD and 1835.
More intriguing are the periods of interseimic uplift observed at
Tirúa following earthquakes characterized by subsidence in
1425e1455 AD and 1575. For example, the influx of marine and
brackish diatoms above sand beds 5 and 7 at Tirúa is followed by an
increase in freshwater taxa, suggesting gradual interseismic uplift
of the marsh (Figs. 7 and 10). The coseismic subsidence during
these two earthquakes was likely caused by shallow, offshore slip. A
simple relocking of the megathrust from near the trench to sig-
nificant depth following these events would not likely cause uplift,
but rather subsidence. In contrast, the apparent interseismic uplift
may be more likely caused by subsequent earthquakes too deep on
the megathrust to cause tsunamis (Cisternas et al., 2017b, 1737
explanation), or perhaps by aseismic slip on the megathrust below
the portion that slipped in the preceding shallow earthquake.
4.5. Length of record and recurrence intervals of earthquakes
The length of the earthquake and tsunami record at Tirúa
(~1800 years) is comparable to coastal stratigraphic records near
Maullín (Atwater et al., 1992; Cisternas et al., 2005) and Valdivia
(Nelson et al., 2009), where coastal sedimentary sequences are
underlain by distinct unconformities a few hundred to a few
thousand years old. Above the unconformities at these two sites,
Atwater et al. (1992) and Nelson et al. (2009) described reworked
tidal and floodplain mud, peat, and sand with only fragmentary
evidence of coseismic land-level change or tsunami inundation.
Like our record at Tirúa and Quidico, Cisternas et al. (2005)
described a more complete sequence of earthquakes and/or tsu-
namis, at Maullín, with evidence for eight events in the last 2000years.
Atwater et al. (1992), Nelson et al. (2009), and Dura et al. (2015,
2016b) attribute the fragmentary nature of Chilean coastal paleo-
seismic records to net emergence (RSL fall) during the late Holo-
cene that limited the accommodation space necessary for the
aggradation of coastal marshes critical for the preservation of
earthquake and tsunami evidence. Field evidence in south-central
Chile and ICE-5G VM5a model predictions for the region suggest
RSL fell from a high of 3e8 m in the mid-Holocene to its present
level (e.g., Peltier, 2002, 2004; Isla et al., 2012; Roy and Peltier,
2015).
Our paleoenvironmental reconstructions along with previous
geologic studies in the region indicate ~1 m of RSL fall in the last
1000e2000 years (Atwater et al., 1992; Bartsch-Winkler and
Schmoll, 1993). The base of our oldest stratigraphic section at Tirúa
(T16) contains a reworked tidal and floodplain organic silty sand
containing leaves, stems, and logs and a greater percentage of
brackish and marine diatoms, consistent with higher RSL at the site
~1800 years ago. A disconformity separates this more brackish and
marine basal unit from the overlying brackish-fresh units that host
our earthquake and tsunami records. Within the continuous sedi-
mentary sequence above the disconformity, diatoms show little to
no net RSL change in the last ~600 years.
Based on our evidence for seven instances of coseismic land-
level change and tsunami inundation preserved at Tirúa and Qui-
dico in the last ~600 years, the recurrence interval of large (M > 8),
near-source tsunamigenic earthquakes ranges from 50 to 180 years,
with an average recurrence interval of ~100 years (Fig. 12). A 100-
year recurrence interval is consistent with the historical recur-
rence of destructive (M > 8) earthquakes and tsunamis along the
Maule portion of the subduction zone (Lomnitz, 2004), although
our records do not contain two of the ruptures (1570 AD and 1657)
used to calculate the historical interval. Instead, the 100-year in-
terval between earthquakes at our sites probably reflects their
location in the area where ruptures generated on the Maule and
Valdivia portions of the subduction zone overlap, allowing evi-
dence of deformation during northern and southern earthquakes to
be preserved. Based on our results, the recurrence interval for
ruptures along the Maule portion of the subduction zone large
enough to be preserved in the stratigraphic record is ~160 years.
The recurrence interval between ruptures along the Valdivia
portion of the subduction zone at our sites is ~260 years, consistent
with a recurrence rate of ~280 years determined by Cisternas et al.
(2005) in tidal lowland sections at Maullín and by Moernaut et al.
(2014) from lacustrine turbidite stratigraphy east of Valdivia.
4.6. Controls on slip variability at Tirúa and Quidico
Segmentation of subduction zone earthquakes has been attrib-
uted to upper-plate (e.g., Audin et al., 2008; Shennan et al., 2009)
and lower-plate (e.g., Subarya et al., 2006; Perfettini et al., 2010;
Meltzner et al., 2012) structures arresting rupture propagation,
although some earthquakes cross such barriers (Nanayama et al.,
2003; Taylor et al., 2008; Udías et al., 2012; Briggs et al., 2014).
Within the Maule portion of the subduction zone, the only major
oceanic feature is the Mocha fracture zone and it is thought to have
little influence on rupture propagation (Jara-Munoz et al., 2015). A
sharp gradient in petrophysical properties of the upper plate across
the Lanalhue fault, which defines the southern limit of the Arauco
Peninsula, has been proposed as a barrier to rupture propagation
(Melnick et al., 2009), however later studies found no major
changes in seismic velocities across the fault, suggesting that other
crustal-scale processes control rupture propagation (Haberland
et al., 2009).
Jara-Munoz et al. (2015) propose that the long-term rapid uplift
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depth of the plate interface, may reflect changes in frictional
properties of the megathrust that control slip propagation. This is
consistent with the findings of Moreno et al. (2012), who noted that
inflections in the curvature of the megathrust correlated with
major gradients in coseismic slip at the Arauco Peninsula during the
2010 earthquake, and Lin et al. (2013), who used slip models from
the 2010 and 1960 earthquakes to show that the relatively low
frictional properties observed below the Arauco Peninsula allowed
the ruptures to propagate into but not through the area. Lin et al.
(2013) further noted that the observed velocity-strengthening
frictional behavior at the Arauco Peninsula was modest, and the
barrier effect of the area is likely due to the relatively large size
(~100 km) of the velocity-strengthening patch.
Our coseismic land-level change reconstructions at Tirúa and
Quidicodin combination with historical accounts of uplift and
subsidence north and south of our sitesdshow that at least seven
megathrust ruptures have propagated into, but not through the
Arauco Peninsula over the last ~600 years, supporting the persis-
tence of the megathrust rupture boundary. Further, our results
suggest that the complex slip patterns observed at the Arauco
Peninsula are influenced by the southern or northern genesis of
ruptures. Similar to the 2010 earthquake, previous ruptures on the
Maule portion of the subduction zone in 1835 and 1751 reached at
least ~30 km south of the Lanalhue fault to our sites, with deep,
landward slip on themegathrust producing coastal uplift. Historical
ruptures on the Valdivia portion of the subduction zone produced
subsidence at or near our sites in 1960 AD and 1575, suggesting that
shallow to intermediate depth slip extended at least to the latitude
of Tirúa and Quidico. However, no evidence of land-level change
associated with these ruptures has been reported north of the
Arauco Peninsula, suggesting that ruptures on the Valdivia portion
of the subduction zone may not propagate as far into the Arauco
Peninsula as northern ruptures. Because our observations of pre-
historic coseismic uplift in 1470e1570 AD and subsidence in
1425e1455 AD are limited to Tirúa and Quidico, we cannot deter-
mine whether or not these ruptures propagated through the
Arauco Peninsula.
Our evidence for long-term slip variability at the overlap of the
Maule and Valdivia portions of the subduction zone is consistent
with previous studies that suggest that the frictional properties of
the area influence slip propagation. The repeated propagation of
ruptures into, but not through the Arauco Peninsula suggests the
area has persisted as a long-term impediment to slip through at
least seven of the last megathrust earthquakes (~600 years).
However, the variable land-level change associated with these
ruptures confirms the long-term complexity of coseismic slip pat-
terns in the area, which should be considered in hazards
assessment.
5. Conclusions
We used stratigraphic, lithologic, and diatom analyses and
radiocarbon and 137Cs dating to identify eight instances of coseis-
mic land-level change and tsunami inundation between AD ~150
and 2010 at Tirúa and Quidico. Eight widespread anomalous sand
beds display physical characteristics and diatom assemblages
indicative of a seaward source and high-energy deposition,
consistent with tsunami inundation. Diatom analyses reveal
coseismic uplift coincident with sand bed deposition during his-
torical ruptures on the Maule portion of the subduction zone in
2010 AD (uplift measured through surveying), 1835, and 1751 and
no land-level change or coseismic subsidence during ruptures on
the Valdivia portion of the subduction zone in 1960 AD and 1575.
We describe previously undocumented evidence of prehistoriccoseismic land-level change coincident with sand bed deposition at
Tirúa during ruptures in 1520 AD ± 50 (sand bed 6; uplift),
1440 ± 15 (sand bed 7; subsidence), and 340 ± 70 (sand bed 8;
possible uplift). Based on historical patterns of coseismic land-level
change, we attribute uplift in 1520 AD ± 50 and 340 ± 70 to rup-
tures on the Maule portion of the subduction zone and subsidence
in 1440 ± 15 to ruptures on the Valdivia portion of the subduction
zone.
We correlate our evidence of coseismic land-level change and
tsunami inundation with other records of historical and prehistoric
earthquakes in the region, and infer a slip distribution for both
historical and prehistoric ruptures. Using a simplemodel of variable
coseismic slip and vertical displacement, we show that interme-
diate to shallow, offshore slip on the megathrust (e.g., slip during
the 1960 AD Valdivia rupture) will result in no land-level change or
coseismic subsidence at our sites, respectively, and deep or wide,
landward slip (e.g., slip during the 2010 AD Maule rupture) will
result in coseismic uplift. Our results show that complex slip pat-
terns in the Arauco Peninsula area are influenced by the southern
or northern genesis of the ruptures; ruptures on the Maule portion
of the subduction zone typically cause uplift at our sites, and rup-
tures on the Valdivia portion of the subduction typically cause
subsidence or no land-level change. The variable uplift and subsi-
dence history recorded at Tirúa and Quidico during megathrust
ruptures shows that ruptures along the Valdivia and Maule por-
tions of the subduction zone have repeatedly propagated into and
overlapped within the Arauco Peninsula, but have not propagated
through the peninsula. This suggests that the area has persisted as a
long-term impediment to slip through at least seven of the last
megathrust earthquakes (~600 years).
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